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Abstract. We present a parametrization of the observed enhancement in the transverse electron quasielas-
tic (QE) response function for nucleons bound in carbon as a function of the square of the four momentum
transfer (Q2) in terms of a correction to the magnetic form factors of bound nucleons. The parametriza-
tion should also be applicable to the transverse cross section in neutrino scattering. If the transverse
enhancement originates from meson exchange currents (MEC), then it is theoretically expected that any
enhancement in the longitudinal or axial contributions is small. We present the predictions of the ”Trans-
verse Enhancement” model (which is based on electron scattering data only) for the νµ, ν¯µ differential and
total QE cross sections for nucleons bound in carbon. The Q2 dependence of the transverse enhancement
is observed to resolve much of the long standing discrepancy in the QE total cross sections and differential
distributions between low energy and high energy neutrino experiments on nuclear targets.
PACS. 13.15.+g Neutrino interactions – 25.30.Pt Neutrino scattering – 13.40.Gp Electromagnetic form
factors
1 Introduction
A reliable description of the neutrino (νµ) and antineu-
trino (ν¯µ) quasielastic (QE) and inelastic scattering pro-
cesses (particularly on nuclear targets) is essential for pre-
cision studies of νµ, ν¯µ oscillation [1,2] parameters such as
mass splitting and mixing angles. In addition to model-
ing the νµ, ν¯µ cross sections[3], a reliable model of the
hadronic final states is needed because the hadronic en-
ergy response of νµ detectors is not the same for protons,
neutrons, pions, photons, and nuclear fragments. Prescrip-
tions which can be readily incorporated into existing νµ
Monte Carlo generators[4] are preferable.
Models which assume that QE scattering on nuclear
targets can be described in terms of scattering from inde-
pendent nucleons bound in a nuclear potential (e.g. Fermi
gas[5] or spectral functions) do not provide an adequate
representation of measured differential and total QE cross
sections for low energy (≈ 1GeV ) νµ scattering on nucle-
ons bound in carbon[6,7] (MiniBooNE) and oxygen[8,9]
(K2K and T2K). The measured QE total cross sections
are 20% larger than the model and the differential distri-
butions in Q2 are also inconsistent. The vector and axial
form factors that are used in independent nucleon models
are the free nucleon form factors extracted from electron
and νµ, ν¯µ scattering data on hydrogen and deuterium[10].
Although there are more sophisticated calculations of
quasielastic scattering (e.g. relativistic distorted-wave im-
pulse approximation[11]), it is the simple independent nu-
cleon model that has been implemented in the currently
available neutrino cross section Monte Carlos[4].
This disagreement between the measured low energy
νµ differential and total QE cross sections on nuclear tar-
gets and the predictions from the independent nucleon
model has been attributed to an incomplete description of
nuclear effects. These additional nuclear effects have been
parametrized as an ad-hoc change in the the axial form
factor mass parameter from the value measured for free
nucleons[10] (MfreeA = 1.014 ± 0.014 GeV ) to MeffA =
1.20 ± 0.12 GeV (K2K) and MeffA = 1.23 ± 0.20 GeV
(MiniBooNE).
A recent analysis[7] of newly published differential QE
cross sections from MiniBooNE (for nucleons bound in
carbon) yields larger values of MeffA = 1.350±0.066 GeV
in the Fermi gas model and MeffA = 1.343 ± 0.060 GeV
in the spectral function model. In that analysis the free
nucleon value MfreeA = 1.014 GeV is excluded at the con-
fidence level greater than 5σ (standard deviations).
Figure 1 shows the world’s data [10] for the nucleon
axial form factor (FA(Q
2)) extracted from QE νµ, ν¯µ scat-
tering on hydrogen and deuterium. Here, the data for
FA(Q
2) are shown as a ratio to a nominal dipole FA(Q
2) =
GAD(Q
2)= −1.267
(1+Q2/M2A)
2 with MA = 1.015 GeV . On the left
side we show the values extracted from νµ, ν¯µ experiments
on hydrogen and deuterium and on the right side we show
the values extracted from pion electro-production data on
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Fig. 1. (a) FA(Q
2) extracted from νµ-deuterium data[10] divided by G
A
D(Q
2) with MA = 1.015 GeV . (b) FA(Q
2) from
pion electroproduction (corrected for hadronic effects) divided by GAD(Q
2) with MA = 1.015 GeV . Thin solid line - duality
based fit from reference [10]; Short-dashed line - FA(Q
2)A2=V 2. Dashed-dot line - constituent quark model; Thick solid red line
FA(Q
2) = GAD(Q
2)= −1.267
(1+Q2/M2
A
)2
with MA = 1.35 GeV . The horizontal scale on top is Q
2. The horizontal scale on the bottom
is the target mass scaling variable ξ for elastic scattering (x = 1). Here ξ = 2
(1+
√
1+1/τ)
, τ = Q2/4M2, and M is the average
nucleon mass.
hydrogen. The average of the measurements of MA from
νµ, ν¯µ experiments on hydrogen and deuterium of M
νµ,ν¯µ
A
= 1.016±0.026GeV is in agreement with the average value
of MpionA =1.014± 0.016 GeV extracted from pion electro-
production experiments on hydrogen (after corrections for
hadronic effects). The average of the νµ, ν¯µ and electro-
production values is [10] Mworld−avA = 1.014±0.014 GeV .
The thin solid line is a duality based parametrization[10]
of possible deviations from the dipole form. The dashed-
dot line is the prediction of a constituent quark model[14]
and the short-dashed line is the expectation for FA(Q
2) if
the vector and axial-vector structure functions are equal
(eg. WQelastic−vector2 =WQelastic−axial2 ).
It is clearly observed that a dipole axial form factor
with MA = 1.35 GeV (thick solid red line) is inconsistent
with the measurements on hydrogen and deuterium.
It has been assumed that an ”effective” axial mass
provides an adequate description of the missing nuclear
corrections. However, a large increase in the axial form
factor of bound nucleons is contrary to theoretical expec-
tations that MA in nuclear targets should be smaller[15]
than (or the same[16]) as in deuterium.
Additionally, the low energy neutrino data appear to
be in disagreement with higher energy neutrino experi-
ments on nuclear targets. At high neutrino energies, the
total and differential QE cross sections on nuclear targets
are consistent with models which assume that the scat-
tering is on independent nucleons with free nucleon form
factors. For example, MA of 0.979 ± 0.016 GeV has been
extracted from a global analysis[17]of the differential dis-
tributions and total QE cross sections measured in all high
energy νµ experiments on nuclear targets.
Recent measurements of the differential and total QE
cross section for nucleons bound in carbon by the NOMAD[18]
collaboration for νµ, ν¯µ energies above 4 GeV are also con-
sistent with models which assume that the scattering is
from independent nucleons with free nucleon form factors.
The NOMAD analysis yields a value of MA (1.05±0.02±
0.06 GeV )
Therefore, the results of the higher energy and low
energy νµ experiments on nuclear targets appear to be
inconsistent with each other.
In this communication we investigate the transverse
enhancement observed in QE electron scattering experi-
ments on nuclear targets. We obtain a parametrization of
the enhancement and investigate its implication for νµ, ν¯µ
scattering. We show that the Q2 dependence of the trans-
verse enhancement resolves much of the discrepancy be-
tween the low energy and high energy neutrino experi-
ments, in addition to obviating the need for an ad-hoc
nuclear modification to MA.
2 Electron-nucleon scattering
The differential cross section for scattering of an unpo-
larized charged lepton with an incident energy E0, final
energy E′ and scattering angle θ can be written in terms
of the structure functions F1 and F2 as:
d2σ
dΩdE′ (E0, E
′, θ) = 4α
2E′2
Q4 cos
2(θ/2)
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× [F2(x,Q2)/ν + 2 tan2(θ/2)F1(x,Q2)/M]
where α is the fine structure constant, M is the nucleon
mass, ν = E0 − E′ is the energy of the virtual photon
which mediates the interaction, Q2 = 4E0E
′ sin2(θ/2) is
the invariant four-momentum transfer squared, and x =
Q2/2Mν is the Bjorken scaling variable. We define F2 =
νW2, F1 = MW1 (and for νµ, ν¯µ scattering F3 = νW3).
Alternatively, one could view this scattering process
as virtual photon absorption. Unlike the real photon, the
virtual photon can have two modes of polarization. In
terms of the cross section for the absorption of transverse
(σT ) and longitudinal (σL) virtual photons, the differen-
tial cross section can be written as,
d2σ
dΩdE′
= Γ
[
σT (x,Q
2) + σL(x,Q
2)
]
(1)
where,
Γ =
αKE′
4pi2Q2E0
(
2
1− 
)
(2)
 =
[
1 + 2(1 +
Q2
4M2x2
) tan2
θ
2
]−1
(3)
K =
2Mν −Q2
2M
. (4)
The quantities Γ and  represent the flux and the de-
gree of longitudinal polarization of the virtual photons
respectively, which the quantity R is defined as the ratio
σL/σT , and is related to the structure functions by
R(x,Q2) =
σL
σT
=
F2
2xF1 (1 +
4M2x2
Q2
)− 1 = FL
2xF1 , (5)
where FL is called the longitudinal structure function. The
structure functions are expressed in terms of σL and σT
as follows:
F1 = MK
4pi2α
σT , (6)
F2 = νK(σL + σT )
4pi2α(1 + Q
2
4M2x2 )
(7)
FL(x,Q2) = F2
(
1 +
4M2x2
Q2
)
− 2xF1 (8)
or,
2xF1 = F2
(
1 +
4M2x2
Q2
)
−FL(x,Q2). (9)
In addition, 2xF1 is given by
2xF1(x,Q2) = F2(x,Q2)1 + 4M
2x2/Q2
1 +R(x,Q2)
or equivalently
W1(x,Q2) = W2(x,Q2) 1 + ν
2/Q2
1 +R(x,Q2)
In the case of elastic scattering from free nucleons (x =
Q2/2Mν=1) the structure functions are related to the nu-
cleon form factors by the following expressions[19]:
Welastic1p = δ(ν −
Q2
2M
)τ |GMp(Q2)|2
Welastic1n = δ(ν −
Q2
2M
)τ |GMn(Q2)|2
and
Welastic2p = δ(ν −
Q2
2M
)
[GEp(Q
2)]2 + τ [GMp(Q
2)]2
1 + τ
Welastic2n = δ(ν −
Q2
2M
)
[GEn(Q
2)]2 + τ [GMn(Q
2)]2
1 + τ
Relasticp,n (x = 1, Q
2) =
σelasticL
σelasticT
=
4M2
Q2
(
G2E
G2M
)
Here, τ = Q2/4M2p,n, where Mp,n are the masses of proton
and neutron. Therefore, GMp and GMn contribute to the
transverse virtual photo-absorption cross section, andGEp
and GEn contribute to the longitudinal cross section.
3 Nucleon form factors
The nucleon electromagnetic form factors are best de-
scribed by theBBBA200725 duality based parametrization[10].
The deviations from the dipole form factors are parametrized
by multiplicatives functions AN (ξ) for each of the proton
and neutron form factors (AEp(ξ
p), AMp(ξ
p), AEn(ξ
n),
and AMn(ξ
n)). Here, AN (ξ) = 1 for pure dipole form fac-
tors. The variable ξ is the target mass scaling variable for
elastic scattering (x = 1), where
ξp,n =
2
(1 +
√
1 + 1/τp,n)
,
and τp,n = Q
2/4M2p,n. Here Mp,n are the proton (0.9383
GeV/c2) and neutron (0.9396 GeV/c2) masses, respec-
tively.
GVD(Q
2) ≡ 1
(1 +Q2/M2V )
2
GEp(Q
2) = AEp−dipole(ξp)×GVD(Q2)
GEn(Q
2) = A25En(ξ
n)×GEp(Q2)×
(
aτn
1 + bτn
)
GMp(Q
2)/µp = AMp−dipole(ξp)×GVD(Q2)
GMn(Q
2)/µn = A
25
Mn(ξ
n)×GMp(Q2)/µp
Here µp = 2.7928, µn = −1.913, and M2V = 0.71 GeV 2
(MV = 0.8426 GeV ). The parameters for the multiplica-
tive functions AN (ξ) which describes the ratio to dipole
are given in reference[10]. The parametrizations are com-
pared to experimental data in Figure 2.
For the axial form factor we use
FA(Q
2) = GAD(Q
2) =
ga
(1 +Q2/M2A)
2
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Fig. 2. Ratios of GEp (a), GMp/µp (b), GEn (c) and GMn/µn (d) to G
V
D =
1
(1+Q2/M2
V
)2
with MV = 0.8426 GeV . The short-
dashed line in each plot is the old Kelly[12] parameterizations (old Galster[13] for GEn). The solid line is the BBBA0725 and
the long-dashed line is BBBA0743 parametrizations[10], respectively. The values of ξ and the corresponding values of Q
2 are
shown on the bottom and top axis.
where gA = -1.267, and MA = 1.014 ± 0.014 GeV is the
axial mass for free nucleons.
The ratio of longitudinal and transverse cross sections
for free nucleons is given by:
Relasticp =
4M2/µ2p
Q2
A2Ep−dipole
A2Mp−dipole
=
0.481
Q2
A2Ep−dipole
A2Mp−dipole
Relasticn =
µ2p
µ2n
Relasticp
(A25En)
2
(A25Mn)
2
(
aτn
1 + bτn
)2
In the dipole approximation with GEn = 0
Relasticdeuteron ≈
4M2/(µ2p + µ
2
n)
Q2
=
0.328
Q2
(10)
4 Quasielastic electron scattering from
nuclear targets
For electron-nucleon and muon-nucleon scattering, scat-
tering from free nucleons (with no pions in the final state)
is called elastic scattering, and scattering from nucleons
bound in a nuclear target (with no pions in the final
state) is called QE scattering because the scattering is
from quasi-free nucleons.
For charged-current νµ -nucleon and ν¯µ-nucleon scat-
tering (with no pions in the final state), the term QE scat-
tering is used to describe scattering from either free or
bound nucleons because the neutrino is transformed to a
final state muon. For neutrino processes, the term elastic
scattering is only used when there is a neutrino in the final
state.
Studies of QE electron scattering on nuclear targets in-
dicate that only the longitudinal part of the QE cross sec-
tion can be described in terms of a universal response func-
tion of independent nucleons bound in a nuclear potential[20]
(and free nucleon form factors). In contrast, a significant
additional enhancement with respect to the model is ob-
served in the transverse part of the QE cross section.
The enhancement in the transverse QE cross section
has been attributed to meson exchange currents (MEC) in
a nucleus[20,21,22,23,24]. Meson exchange currents orig-
inate from nucleon-nucleon correlations (predominantly
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neutron- proton). The final state for the MEC process
can include one or two nucleons. If no final state pions are
produced, the process is considered as an enhancement of
the QE cross section. If one or more final state pions are
produced, the process enhances the inelastic cross section.
Within models of meson exchange currents the en-
hancement is primarily in the transverse part of the QE
cross section, while the enhancement in the longitudinal
QE cross section is small (in agreement with the electron
scattering experimental data). The conserved vector cur-
rent hypothesis (CVC) implies that the corresponding vec-
tor structure function for the QE cross section in νµ, ν¯µ
scattering can be expressed in terms of the structure func-
tions measured in electron scattering on nuclear targets.
Therefore, there should also be a transverse enhancement
in neutrino scattering.
In addition, for some models of meson exchange currents[23]
the enhancement in the axial part of νµ, ν¯µ QE cross sec-
tion on nuclear targets is also small. Therefore, the axial
form factor for bound nucleons is expected to be the same
as the axial form factor for free nucleons.
4.1 Measuring the transverse enhancement at low Q2
The longitudinal response scaling functions extracted by
Donnely et. al.[20] for different momentum scales and dif-
ferent nuclei (A=12 ,40 and 56) are essentially described
by one universal curve[20] which is a function of the nu-
clear scaling variable ψ′ only. The function peaks at ψ′=0
and ranges from ψ′ = −1.2 to ψ′ = 2. In contrast, the
transverse response scaling function is larger and increases
with momentum transfer. The response function of the
transverse enhancement excess is shifted to higher ψ′ and
peaks at ψ′ ≈ 0.2.
Carlson et. al.[23] uses the measured longitudinal and
transverse response functions to extract the ratio (RT ) of
the integrated response functions for the transverse and
transverse components of the QE response functions for
values of ψ′ < 0.5 and ψ′ < 1.2.
For nucleons bound in carbon, the ratios for ψ′ < 0.5
are 1.2, 1.5, 1.65 for values of the 3-momentum transfer
q3 of 0.3, 0.5, and 0.6 GeV/c, respectively (q
2
3 = Q
2 + ν2
where ν = Q2/2M at the QE peak).
The ratios for ψ′ < 1.2 are 1.25, 1.6, 1.8 for q3 values of
0.3, 0.5, and 0.6 GeV , respectively. (These correspond to
Q2 values of 0.09, 0.15, and 0.33). At higher values of ψ′
the transverse response functions include both QE scat-
tering and pion production processes (e.g. ∆ production
with Fermi motion).
Therefore, we use the measured values of RT for ψ′ <
0.5, where the contribution from pion production process
is small, and apply correction to extract the ratio for the
entire range of ψ′, as described below.
The excess transverse response function peaks at ψ′ ≈
0.2, while the longitudinal response function peaks at ψ′ =
0. A fit of an asymmetric gaussian to the longitudinal
response function indicates that the RT values for the
total response functions integrated over all ψ′ are related
to the ratio for ψ′ < 0.5 by the following expression:
RT (all − ψ′) = 1 + 1.18 [RT (ψ′ < 0.5)− 1]
We obtain RT (all−ψ′) values of 1.24±0.1, 1.59±0.1, and
1.77± 0.1 for Q2 values of 0.09, 0.15, and 0.33 (GeV/c)2,
respectively. We use the difference in the measured values
of RT for ψ′ < 0.5 and ψ′ < 1.2 as an estimate of the
systematic error. Since the longitudinal response function
is equal to the response function for independent nucleons,
the ratio RT (all − ψ′) is equivalent to the ratio of the
integrated transverse response function in a nucleus to the
response function for independent nucleons (as a function
of Q2).
The values ofRT extracted from the data of from Carl-
son et al are shown as a function of Q2 (black points) in
Figure 3.
Band	  from	  Bosted-­‐	  Mamyan	  
fit	  to	  electron	  sca3ering	  data	  
Parametriza8on	  
Fig. 3. The transverse enhancement ratio (RT ) as a func-
tion of Q2. Here, RT is ratio of the integrated transverse re-
sponse function for QE electron scattering on nucleons bound
in carbon divided by the integrated response function for in-
dependent nucleons. The black points are extracted from Carl-
son et al[23], and the blue bands are extracted from a fit[29]
to QE data from the JUPITER[25] experiment (Jlab exper-
iment E04-001). The curve is a fit to the data of the form
RT = 1 + AQ2e−Q2/B . The dashed lines are the upper and
lower error bands.
4.2 Measuring the transverse enhancement at high Q2
The technique of using the ratio of longitudinal and trans-
verse QE structure functions to determine the transverse
enhancement in the response functions for QE scattering
is less reliable for Q2 > 0.5 (GeV/c)2, because at high
values of Q2 the longitudinal contribution to the QE cross
section is small (as illustrated in equation 10).
Since the transverse cross section dominates at large
Q2 one can extract the transverse enhancement by com-
paring the measured QE cross sections to the predictions
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Fig. 4. Samples of fits[29] to preliminary electron scattering
data from the JUPITER collaboration[25] (Jefferson Lab ex-
periment E04-001) on a carbon target. Shown are the contri-
butions from the transverse QE (solid pink), longitudinal QE
(dashed pink), total QE (solid red), inelastic (pion production)
processes (solid green), and a transverse excess (TE) contribu-
tion (solid black line). Top: Q2 = 0.3 GeV/c2 at the QE peak.
Bottom: Q2 = 0.68 GeV/c2 at the QE peak.
of the independent nucleon model directly. However, be-
cause there is overlap between pion production processes
and QE scattering, the contribution from pion production
processes should be accounted for in the extraction pro-
cess.
We extract the transverse enhancement at higher val-
ues of Q2 from a fit to both existing electron scattering
data on nuclei and preliminary data from the JUPITER
collaboration[25] (Jefferson lab experiment E04-001). The
fit (developed by P. Bosted and V. Mamyan) provides a
description of inclusive electron scattering cross sections
on a range of nuclei with A > 2. It is an extension of fits to
the free proton [27] and deuteron [28] and was utilized for
calculations of the radiative corrections for the JUPITER
analysis [29]. Experiment E04-001 was designed to provide
separations of the longitudinal and transverse structure
functions from a range of nuclei. These data, therefore,
provides a significant constraint on this separation in both
the quasi-elastic and resonance regions, which is of criti-
W2(GeV2)
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n
Fig. 5. Same as Fig. 4. Top: Q2 = 1.0 GeV/c2 at the QE peak.
Bottom: Q2 = 1.1 GeV/c2 at the QE peak).
cal importance for the current study. A brief description
of the fit is given in [29], which also provides plots of the
fit residuals to the data sets utilized.
The inclusive fit is a sum of four components:
– The longitudinal QE contribution calculated for inde-
pendent nucleons (smeared by Fermi motion in car-
bon)
– The transverse QE contribution calculated for inde-
pendent nucleons (smeared by Fermi motion in car-
bon)
– A transverse excess (TE) contribution
– The contribution of inelastic pion production processes
(smeared by Fermi motion in carbon).
The QE model used in the Bosted-Mamyan fit is the
super-scaling model[26] of Sick, Donnelly, and Maieron.
Figures 4 and 5 show samples of Bosted-Mamyan fits
to preliminary electron scattering data from JUPITER
on a carbon target. Shown are the contributions from
the transverse QE (solid pink), longitudinal QE (dashed
pink), total QE (solid red), inelastic pion production pro-
cesses (solid green), and a transverse excess (TE) contri-
bution (solid black line).
We extract the transverse enhancement ratio as a func-
tion of Q2 by integrating the various contributions to the
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fit up to W 2 = 1.5 GeV 2. Here
RT = QEtransverse + TE
QEtransverse
We assign a conservative systematic error to RT to ac-
count for the possibility that a fraction of the transverse
excess events may be produced with a pion in the final
state.
Figure 3 shows the values of RT as a function of Q2.
The black points are extracted from Carlson et al[23],
and the higher Q2 blue bands are from the fit to QE
data from the JUPITER collaboration[25]. The data are
parametrized by the expression:
RT = 1 +AQ2e−Q2/B
with A = 6.0 and B = 0.34 (GeV/c)2. The electron scat-
tering data indicates that the transverse enhancement is
maximal near Q2 = 0.3 (GeV/c)2 and is small for Q2
greater than 1.5 (GeV/c)2. The upper error band is given
by A = 6.7 and B = 0.35 (GeV/c)2, and the lower error
band is given by A = 5.3 and B = 0.33 (GeV/c)2. This
parametrization is valid for carbon (A=12) and higher A
nuclei.
2 (GeV/c)2Q
0 0.05 0.1 0.15 0.2 0.25 0.3
Nu
cle
ar 
Co
rre
ctio
n
0
0.2
0.4
0.6
0.8
1
Fermi Gas Correction
Fermi Gas Correction
Fig. 6. The Fermi suppression factor (Pauli blocking) used
in our studies as a function of Q2. We use the Pauli blocking
factor which is implemented in the NUEGEN Monte Carlo[4].
5 Consequences for νµ, ν¯µ charged-current QE
scattering on carbon
We assume that there is a corresponding transverse en-
hancement in the νµ, ν¯µ QE cross sections on nuclear tar-
gets. Although motivated by MEC, the analysis is model
independent since the parameters are taken from electron
scattering data.
In the rest of this paper, the terms cross sections and
differential distributions refer to scattering from nucleons
bound in carbon.
5.1 The ”Independent Nucleon (MA=1.014)” baseline
model
In modeling νµ, ν¯µ QE scattering on nuclear targets we use
BBBA200725 free nucleon electromagnetic form factors
(with M2V = 0.71), and a dipole axial form factor with
MA = 1.014 GeV . We apply Pauli blocking corrections
to the differential QE cross section, as implemented in the
NEUGEN Monte Carlo[4]. The Pauli blocking factor as a
function of Q2 is shown in figure 6. We do not apply Fermi
motion corrections since we only study the total integrated
QE cross section. We refer to this baseline model, which is
shown as orange dotted lines on plots, as the ”Independent
Nucleon (MA=1.014)” model.
5.2 The ”Transverse Enhancement” model
We use our parametrization of RT to modify GMp and
GMn for bound nucleons as follows. First, we assume that
the enhancement in the transverse QE cross section modi-
fies GVM = GMp−GMn for nucleons bound in carbon with
a form given by
GnuclearMp (Q
2) = GMp(Q
2)×
√
1 +AQ2e−Q2/B
GnuclearMn (Q
2) = GMn(Q
2)×
√
1 +AQ2e−Q2/B .
In all of the studies we keepGEp(Q
2),GEn(Q
2) and FA(Q
2)
for bound nucleons the same as for free nucleons. The
transverse enhancement leads to an enhancement in the
structure functions WQelastic1 , WQelastic2 and WQelastic3 .
The expressions for the νµ, ν¯µ differential QE cross sec-
tions are given in the Appendix. We also apply Pauli
blocking as a function of Q2 as shown in figure 6. We re-
fer to this model as the ”Transverse Enhancement” model.
The predictions on the plots for the ”Transverse Enhance-
ment Model” are shown with solid red lines. The error
bands are shown as dotted dashed red lines. The ratio
of calculated quantities for the ”Transverse Enhancement
model” divided by ”Independent Nucleon (ma=1.014) are
also shown as solid red lines.
5.3 The ”Larger MA (MA=1.3)” model
Since low energy neutrino experiments have used an ad-
hoc MeffA ≈ 1.3 GeV to account for additional nuclear
effects, we also compare our results to the differential and
total QE cross sections calculated for independent nucle-
ons with MeffA = 1.3 GeV in the following expression:
FnuclearA (Q
2) =
1
(1 +Q2/M2A)
2
(11)
For this model, we use the electromagnetic form factors
for free nucleons, and apply Pauli blocking as described
above. We refer to this model, which is shown as dashed
blue lines on plots, as the ”Larger MA (MA=1.3)” model.
The ratio of calculated quantities for the ”Larger MA
(MA=1.3)” model divided by the predictions of the ”In-
dependent Nucleon (MA=1.014) model are also shown as
dashed blue lines.
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Fig. 7. The QE differential cross section (dσ/dQ2) as a func-
tion of Q2 for νµ, ν¯µ energies of 1.0 GeV (maximum accessible
Q2max = 1.3 (GeV/c)
2). Here, the orange dotted line is the
prediction of the ”Independent Nucleon (MA=1.014)” model.
The blue dashed line is the prediction of the the ”Larger MA
(MA=1.3)” model. The red line is prediction of the ”Transverse
Enhancement” model. This color and line style convention is
used in all subequent plots. Top (a): νµ differential QE cross
sections. Bottom (b): ν¯µ differential QE cross sections.
5.4 Results
Figures 7 and 8 show the QE differential cross section
(dσ/dQ2) as a function of Q2 for νµ, ν¯µ energies of 1.0 and
3.0 GeV, respectively. The orange dotted line is the pre-
diction of the ”Independent Nucleon (MA=1.014)” model,
the blue dashed line is the prediction of the ”Larger MA
(MA=1.3)” model, and the solid red line is the prediction
of the ”Transverse Enhancement” model. The top panels
(a) show νµ differential QE cross sections, and the bottom
panels (b) show the ν¯µ differential QE cross sections.
Figures 9 and 10 show the ratio of the predictions
of the two models to the predictions of the ”Independent
Nucleon (MA=1.014)” model as a function of Q
2 for νµ, ν¯µ
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Fig. 8. Same as figure 7 for νµ, ν¯µ energies of 3.0 GeV (max-
imum accessible Q2max = 4.9 (GeV/c)
2).
energies of 1.0 GeV, and 3.0 GeV, respectively. The blue
dashed line is the ratio for the ”Larger MA (MA=1.3)”
model. The red line is the ratio for the ”Transverse En-
hancement” mode (with error bands shown as dotted red
lines). The top (a) panels shows the ratio for dσ/dQ2 for
νµ. The middle (b) panels shows the ratio for dσ/dQ
2 for
ν¯µ. The bottom (c) panels shows the ratio of predicted
ratio of ν¯µ/νµ dσ/dQ
2 cross sections for the two models
(divided by the ν¯µ/νµ ratio predicted by the ”Independent
Nucleon (MA=1.014)” model).
For Q2 < 0.6 (GeV/c)2 the differential QE cross sec-
tion for the ”Transverse Enhancement” model is close to
the ”Larger MA (MA=1.3)” model. The maximum acces-
sible Q2 for 1 GeV neutrinos is 1.3 GeV/c)2 (as shown in
figure 16). Therefore, fits to the neutrino differential QE
cross sections for an incident energy of 1 GeV (e.g. Mini-
BooNE) would yield MA ≈ 1.2 GeV . The extracted value
of MA depends on the specific model parameters that are
used for Pauli blocking and the variation of the statistical
errors in the data with Q2. For a neutrino energy of 1 GeV,
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Fig. 9. The ratio of the prediction of the two models for
the QE differential cross section dσ/dQ2 to the prediction
of the ”Independent Nucleon (MA=1.014)” model as a func-
tion of Q2 for νµ, ν¯µ energies of 1.0 GeV (maximum accessible
Q2max = 1.3 (GeV/c)
2). The blue dashed line is the ratio for
the ”Larger MA (MA=1.3)” model. The red line is the ratio
for the ”Transverse Enhancement” model (with error bands
shown as dotted red lines). Top (a): ratio for νµ differential
QE cross sections. Middle (b): ratio for ν¯µ differential QE cross
sections. Bottom (c): The ν¯µ/νµ ratio for the differential QE
cross sections divided by the corresponding ν¯µ/νµ ratio for the
”Independent Nucleon (MA=1.014)” model).
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Fig. 10. Same as figure 9 for νµ, ν¯µ energies of 3.0 GeV (max-
imum accessible Q2max = 4.9 (GeV/c)
2).
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the total integrated QE cross section predicted by the the
”Transverse Enhancement” model is is also larger than
the total QE cross section prediction of the ”Independent
Nucleon (MA=1.014)” model.
In the high Q2 region (Q2 > 1.2 (GeV/c)2), the pre-
dicted differential QE cross section for the ”Transverse
Enhancement” model is similar to the prediction of the
”Independent Nucleon (MA=1.014)” model. The maxi-
mum accessible Q2 for 3 GeV neutrinos is 4.9 GeV/c)2. In
order to reduce the sensitivity to modeling of Pauli block-
ing, experiments at higher energy[15] typically remove the
lower Q2 points in fits for MA. Consequently, fits for the
neutrino differential QE cross sections measured in high
energy experiments would yield a value of MA which is
smaller than 1.014 GeV because for Q2 > 0.5 (GeV/c)2
the slope of the differential QE cross section in the tran-
sition region between low and high Q2 is steeper than for
MA = 1.014 GeV . This is consistent with the fact that the
average MA extracted from high energy data on nuclear
targets[15] is 0.979± 0.016.
Figure 11 shows the total QE cross section as func-
tion of energy. The data points are the measurements
from MiniBooNE[6] and NOMAD[18]. The orange dot-
ted line is the prediction of the ”Independent Nucleon
(MA=1.014)” model. The blue dashed line is prediction
of the ”Larger MA (MA=1.3)”. The red line is the predic-
tion of the ”Transverse Enhancement” model (with error
bands shown as dotted red lines). The top (a) panel shows
the νµ total QE cross section. The middle (b) panel shows
the ν¯µ total QE cross section. The bottom (c) panel shows
the ratio of ν¯µ and νµ total QE cross sections.
Figure 12 shows the ratio of the predictions for total
QE cross section to the predictions of the ”Independent
Nucleon (MA=1.014)” model as a function energy. The
blue dashed line is the ratio of the predictions for the
”LargerMA (MA=1.3)” model, and the red line is ratio for
the ”Transverse Enhancement” model (with error bands
shown as dotted red lines). The top (a) panel shows the
ratio of the predictions for the νµ total QE cross section.
The middle (b) panel shows the ratio of the predictions
for the ν¯µ total QE cross section. The bottom (c) panel
shows the predicted ν¯µ/νµ cross section ratio divided by
the predicted ν¯µ/νµ ratio for the ”Independent Nucleon
(MA=1.014)” model. The data points are measurements
from MiniBooNE[6] and NOMAD[18].
As shown in Fig. 11 (a) (top), and Fig. 12 (a)(top), at
low νµ energies the ”Transverse Enhancement” model (red
line) predicts QE cross sections at a level similar to the
”Larger MA (MA=1.3)” model (blue dashed line). Both
the ”Larger MA (MA=1.3)” model and the ”Transverse
Enhancement” model predictions are in agreement with
the MiniBooNE QE νµ cross sections. However, at higher
νµ energies the ”Transverse Enhancement” model predicts
QE cross sections which are lower than the prediction of
the ”Larger MA (MA=1.3)”. The lower QE νµ cross sec-
tions at high energy are consistent with the NOMAD mea-
surements (within experimental errors).
Similarly, for ν¯µ scattering the ”Transverse Enhance-
ment” model predicts total QE cross section which are
lower than the predictions of the ”Larger MA (MA=1.3)”
model as shown in Fig. 11 (b) (middle) and Fig. 12 (b)
(middle). The lower QE cross ν¯µ sections are consistent
with the NOMAD measurements (within experimental er-
rors).
6 Conclusion
We parametrize the enhancement in the transverse QE
cross section observed in QE electron scattering on nu-
clear targets as a correction to the magnetic form fac-
tors of bound nucleons. Within models of MEC, MEC
processes contribute only to the transverse QE response
function and do not enhance the longitudinal and axial
response functions. We find that the QE cross sections
for νµ, ν¯µ QE scattering predicted by the ”Transverse En-
hancement” model agree with the MiniBooNE low energy
neutrino QE cross sections, and are also consistent with
QE cross sections measured by NOMAD at higher ener-
gies.
The simple two parameter parametrization of Q2 de-
pendence of the transverse enhancement as a correction to
the proton and neutron magnetic form factors can easily
be incorporated into existing Monte Carlo generators[4].
At present, νµ, ν¯µ experiments use the ”Large MA”
model to predict WQelastic1 , WQelastic2 , and WQelastic3 for
neutrino QE scattering on nuclear targets. A large increase
in MA is contrary to theoretical expectations[15,16].
The differential and total QE cross sections predicted
in the ”Larger MA (MA=1.3)” model are similar to the
predictions of ”Transverse Enhancement” model only at
low νµ energies.
The assumption made in the ”Transverse Enhance-
ment” model is that the enhancements in the transverse
response functions in ν¯µ/νµ scattering are the same as
measured in electron scattering, and that there is no ad-
ditional enhancement in the longitudinal or axial response
functions (as expected in MEC models[23]). Since we only
uses parameters from electron scattering data, our anal-
ysis is purely phenomenological, and does not rely on a
specific MEC model. Because in electron scattering the
transverse enhancement is only significant at low values
of Q2, the contribution of ”Transverse Enhancement” to
the total neutrino QE cross section is energy dependent,
thus resolving much of the apparent discrepancy between
the low energy and high energy neutrino QE cross sections
on nuclear targets.
In an earlier publication, Martini, Ericson, Chanfray,
and Marteau[24] calculated the contribution of meson ex-
change currents to the differential and total QE cross sec-
tions for ν¯µ/νµ energies less than 1.2 GeV. In the com-
parison with our model, we use the Martini et al predic-
tions with the random phase approximation ( ”QE+np-nh
RPA”). For the range 0.5 < E < 1.2, the predictions of
Martini et al are similar to the predictions of the ”Trans-
verse Enhancement” model as shown in Figures 13, and
14. For E < 0.5, the predictions of Martini et al are lower
than the predictions of the ”Transverse Enhancement”
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Fig. 11. The total QE cross section as function of energy.
The data points are measurements of MiniBooNE[6] (gray
stars) and NOMAD[18] (purple circles). The predictions for
the ”Independent Nucleon (MA=1.024)” model, ”Larger MA
(MA=1.3) model”, and ”Transverse Enhancement model” are
shown. Top (a): νµ total QE cross section. Middle (b): ν¯µ to-
tal QE cross section. Bottom (c): QE ν¯µ/νµ total cross section
ratio..
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Fig. 12. The ratios of predicted and measured total QE
cross section to the predictions of the ”Independent Nucleon
(MA=1.014)” model as a function energy. The ratios for the
predictions of the ”Larger MA (MA=1.3) model” and ”Trans-
verse Enhancement model” are shown. The data points are
the ratios for the measurements of MiniBooNE[6] (gray stars)
and NOMAD[18] (purple circles). Top (a): The ratio for νµ to-
tal QE cross sections. Middle (b): The ratio for ν¯µ QE cross
sections. Bottom (c): The ν¯µ/νµ total QE cross section ratio
divided by the corresponding ratio for the ”Independent Nu-
cleon (MA=1.014)” model).
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Fig. 13. Comparison to the QE cross section predicted by the
”QE+np-nh RPA” MEC model of Martini et al.[24] (Predic-
tions for this model have only been published for neutrino ener-
gies less than 1.2 GeV). The predictions for the ”Independent
Nucleon (MA=1.024)” model, ”Larger MA (MA=1.3) model”,
and ”Transverse Enhancement model” are shown. The grey
squares are the predictions of the MEC model of Martini et
al. [24] The data points are measurements from MiniBooNE[6]
(grey stars). Top (a): νµ total QE cross section. Middle (b): ν¯µ
total QE cross section.
model. However, for such low energies, the predictions are
sensitive to differences in the modeling of Pauli blocking
in the two models. The predictions of the Martini et al
model for ν¯µ/νµ scattering for energies greater than 1.2
GeV have not yet been published.
Figure 15 shows a comparison of the various model for
a larger energy range (0.1 to 100 GeV). The energy depen-
dence for the predictions of the transverse enhancement
model originates from the energy dependence of the max-
imum accessible Q2 (Q2max) for QE scattering, as shown
in Fig.16. The lower energies have lower Q2max where the
transverse enhancement is large, while higher energies have
a higherQ2max, where the transverse enhancement is small.
The differential cross section at high energy is almost in-
dependent of energy, as shown in Fig. 17, 18, 19 and 20.
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Fig. 14. Comparison to the QE cross section predicted by the
”QE+np-nh RPA” MEC model of Martini et al.[24] (Predic-
tions for this model have only been published for neutrino ener-
gies less than 1.2 GeV). Shown are the ratios for the predictions
of the ”Larger MA (MA=1.3) model” and ”Transverse En-
hancement model” to the ”Independent Nucleon (MA=1.014)”
QE cross section as a function energy. The grey squares are
the ratios for the predictions of the MEC model of Martini et
al.[24] The data points are the ratios for the measurements of
MiniBooNE[6] (grey stars). Top (a): The ratio for νµ total QE
cross sections. Bottom (b): The ratio for ν¯µ QE cross sections.
7 Testing the model with neutrino data
The MINERvA high statistics neutrino experiment[34] at
Fermilab is currently taking data with a fully active scin-
tillator target calorimeter in the NUMI beam (with both
neutrinos and antineutrinos). The QE differential cross
sections would be measured as a function of Q2 at a vari-
ety of neutrino energies within one single experiment, and
compared to the predictions of various models.
8 Appendix: νµ, ν¯µ nucleon/nucleus scattering
At a fixed value of the final state invariant mass W , the
differential cross section for νµ, ν¯µ scattering at incident
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Fig. 15. Comparison of predictions for the νµ, ν¯µ total QE
cross section section at high energies for the ”Independent Nu-
cleon (MA=1.024)” model, the ”Larger MA (MA=1.3) model”,
the ”Transverse Enhancement model”, and the ”QE+np-nh
RPA” MEC model of Martini et al.[24] (Predictions for this
model have only been published for neutrino energies less than
1.2 GeV). The data points are the ratios for the measurements
of MiniBooNE[6] (gray stars) and NOMAD[18] (purple circles)
energy E is given[30] by:
dσ
dQ2dW
=
G2
2pi
cos2 θC
W
M
{
1
2E2
W1
[
Q2 +m2µ
]
+W2 +W2
[
− ν
E
− 1
4E2
(Q2 +m2µ)
]
(12)
±W3
[
Q2
2ME
− ν
4E
Q2 +m2µ
ME
]
+
W4
M2
m2µ
(Q2 +m2µ)
4E2
− W5
ME
m2µ
}
Here, G
2
2pi cos
2 θC = 80× 10−40 cm2/GeV 2. The final state
muon mass places the following kinematic limits[31] on
2 max (GeV/c)2Q
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 (G
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)
?E
0
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7
8
9 Energy vs Q2max
q2 max
Fig. 16. The maximum accessible Q2 for QE events as a func-
tion of neutrino energy.
x = Q2/2Mν and y = ν/E:
m2µ
2M(Eν −mµ) ≤ x ≤ 1 , (13)
a − b ≤ y ≤ a + b , (14)
where the quantities a and b are
a =
[
1−m2µ
(
1
2MEνx
+
1
2E2ν
)]
/(2 +Mx/Eν) ,
b =
[(
1− m
2
µ
2MEνx
)2
− m
2
µ
E2ν
]1/2
/(2 +Mx/Eν) .
Or alternatively, for a fixed energy and Q2, there is a
maximum value of W which is given by[32]:
W 2+(Q
2) =
[
1
4
s2a2−
(
m4µ
s2
− 2m
2
µ
s
)
−
(
Q2 +
1
2
m2µa
2
+
)2
+s a−
(
Q2 +
m2µ
2
a+
)]/[
a−(Q2 +m2µ)
]
,
where s = 2ME+M2, a± = 1±M2/s. For QE scattering,
this corresponds to a minimum and maximum accessible
Q2 for a given neutrino energy. The maximum accessible
Q2 (Q2max) for QE events as a function of neutrino energy
is shown in Fig. 16.
8.1 Quasielastic νµ, ν¯µ scattering
A theoretical framework for quasi-elastic (νµ, ν¯µ)-Nucleon
Scattering has been given by Llewellyn Smith [33]. Here,
we use the notation of Llewellyn Smith (except that F 2V
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Fig. 17. Same as figure 7 for νµ, ν¯µ energies of 10.0 GeV.
in our notation is equal to ξlsF
2
V in Llewellyn Smith’s no-
tation, where ξls = (µp− 1−µn)). In addition, we use Q2
while Llewellyn Smith uses q2 where
q2 = q20 − q23 = −4E0E′ sin2
θ
2
= −Q2 .
The hadronic current for QE νµ, ν¯µ scattering is given
by [33]
< p(p2)|J+λ |n(p1) >=
u(p2)
[
γλFV1 (q2) + iσλνq
νFV2 (q2)
2M
+ γλγ5FA(q2) + qλγ5FP (q
2)
M
]
u(p1),
where q = kν − kµ, and M = (mp + mn)/2. Here, µp
and µn are the proton and neutron magnetic moments.
We assume that there are no second class currents, so the
scalar form factor F3V and the tensor form factor F3A need
not be included. Using the above current, the QE cross
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Fig. 18. Same as figure 7 for νµ, ν¯µ energies of 25.0 GeV.
section is
dσν, ν
dQ2
=
M2G2F cos
2θc
8piE2ν
×[
A(Q2)∓ (s− u)B(Q
2)
M2
+
C(Q2)(s− u)2
M4
]
,
where s− u = 4MEν −Q2 −m2µ.
A(Q2) =
m2µ +Q
2
M2
{
(1 + τ) |FA|2 − (1− τ) |FV1 |2
+ τ (1− τ) |FV2 |2 + 4τFV1 FV2
}
− m
2
µ +Q
2
M2
m2µ
4M2
{(|FV1 + FV2 |2)
+ (FA + 2FP )2 − 4(1 + τ)F2P
}
(15)
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Fig. 19. Same as figure 9 for νµ, ν¯µ energies of 10 GeV.
B(Q2) = 4τFA(FV1 + FV2 ) = 4τFAGVM , (16)
C(Q2) =
1
4
(
|FA|2 + |FV1 |2 + τ
∣∣FV2 ∣∣2)
=
1
4
(|FA|2 + |FV (Q2)|2) (17)
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Fig. 20. Same as figure 9 for νµ, ν¯µ energies of 25 GeV.
Where τ = Q2/4M2. The form factors FV1 (Q
2) and FV2 (Q
2)
are given by:
FV1 (Q2) =
GVE (Q2) + Q
2
4M2
GVM (Q2)
1 +
Q2
4M2
,
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FV2 (Q2) =
GVM (Q2)− GVE (Q2)
1 +
Q2
4M2
.
From conserved vector current (CVC) GVE (Q2) and GVM (Q2)
are related to the electron scattering form factors GpE(Q
2),
GnE(Q
2), GpM (Q
2), and GnM (Q
2):
GVE (Q2) = GpE(Q2)−GnE(Q2),
GVM (Q2) = GpM (Q2)−GnM (Q2).
We also define
|FV (Q2)|2 = [G
V
E (Q
2)]2 + τ [GVM (Q2)]2
1 + τ
.
The axial form factor FA can be approximated by the
dipole form
FA(q2) = gA(
1 +
Q2
M2A
)2 ,
Where gA = −1.267.
The pseudoscalar form factor FP is related to FA by
PCAC and is given by:
FP (q2) = 2M
2FA(q2)
M2pi +Q
2
.
In the expression for the QE cross section, FP (q2) is mul-
tiplied by (mµ/M)
2. Therefore, in νµ, ν¯µ interactions, this
effect is very small except at very low energy, below 0.2 GeV.
In the dipole approximation,
GVM (Q2) ≈ 4.706 GVD(Q2).
In our analysis we apply BBBA200725 corrections[10] to
the dipole parametrization of the electromagnetic form
factors as described in reference[10].
By comparing equations 12 and 15 and using the fol-
lowing expressions:
FV1 (Q2) + FV2 (Q2) = GVM (Q2),
|FV1 (Q2)|2 + τ |FV2 (Q2)|2 = |FV (Q2)|2,
we obtain the following relationships between the struc-
ture functions and form factors for νµ, ν¯µ QE scattering
on free nucleons:
Wν−vector1−Qelastic = δ(ν −
Q2
2M
)τ |GVM (Q2)|2
Wν−axial1−Qelastic = δ(ν −
Q2
2M
)(1 + τ)|FA(Q2)|2
Wν−vector2−Qelastic = δ(ν −
Q2
2M
)|FV (Q2)|2
Wν−axial2−Qelastic = δ(ν −
Q2
2M
)|FA(Q2)|2
Wν3−Qelastic = δ(ν −
Q2
2M
)|2GVM (Q2)FA(Q2)|
Wν−vector4−Qelastic = δ(ν −
Q2
2M
)
1
4
(|FV (Q2)|2 − |GVM (Q2)|2)
Wν−axial4−Qelastic = δ(ν −
Q2
2M
)× 1
4
×[
F2A(Q2) + (
Q2
M2
+ 4)|Fp(Q2)|2 − (FA(Q2) + 2FP (Q2))2
]
Wν−vector5−Qelastic = δ(ν −
Q2
2M
)
1
2
|FV (Q2)|2
Wν−axial5−Qelastic = δ(ν −
Q2
2M
)
1
2
|FA(Q2)|2
The vector part ofW4 andW5 are related to the vector
part of W2 and W1 by the following expressions[32]:
Wvector4 = Wvector2
M2ν2
Q4
−Wvector1
M2
Q2
Wvector5 = Wvector2
Mν
Q2
Note that:
σvectorT ∝ τ |GVM (Q2)|2; σaxialT ∝ (1 + τ)|FA(Q2)|2
σvectorL ∝ (GVE (Q2))2; σaxialL = 0
Therefore, for QE νµ and ν¯µ scattering only GVM con-
tributes to the vector part of the transverse virtual boson
absorption cross section.
References
1. S. Fukuda et al., Phys. Rev. Lett. 85, 3999 (2000); T.
Toshito, hep-ex/0105023.
2. D.G. Michael et al., (MINOS) Phys. Rev. Lett. 97, 191801
(2006); P. Adamson et al., (MINOS) Phys. Rev. D 81,
072002 (2010). P. Adamson et al. (MINOS Collabora-
tion), First direct observation of muon antineutrino dis-
appearance. FERMILAB-PUB-11-163-PPD, BNL-94488-
2010-JA. e-Print: arXiv:1104.0344 [hep-ex]; http://www-
numi.fnal.gov/Minos/;
3. Arie Bodek and Un-ki Yang. Axial and Vector Structure
Functions for Electron- and Neutrino- Nucleon Scattering
Cross Sections at all Q2 using Effective Leading order Par-
ton Distribution Functions. e-Print: arXiv:1011.6592 [hep-
ph]
4. C.Andreopoulos (GENIE), Nucl. Instrum. Meth.A614,
87,2010; H. Gallagher, (NEUGEN) Nucl. Phys. Proc. Suppl.
112 (2002);Y. Hayato (NEUT), Nucl Phys. Proc. Suppl..
112, 171 (2002);D. Casper (NUANCE) , Nucl. Phys. Proc.
Suppl. 112, 161 (2002); http://nuint.ps.uci.edu/nuance/
5. A. Bodek and J. L. Ritchie, Phys. Rev. D 23, 1070 (1981).
6. A. A. Aguilar-Arevalo et al., (MiniBooNE) Phys. Rev.
Lett 98, 231801(2007); A.A. Aguilar-Arevalo et al. Mea-
surement of the neutrino component of an anti-neutrino
beam observed by a non-magnetized detector. e-Print:
arXiv:1102.1964 [hep-ex]
A. Bodek, H.S. Budd and M. E. Christy: Neutrino Quasielastic Scattering on Nuclear Targets 17
7. Cezary Juszczak, Jan T. Sobczyk, and Jakub Zmuda, Phys.
Rev. C 82, 045502 (2010); A. A. Aguilar-Arevalo (Mini-
BooNE Collaboration), Phys. Rev. D 81, 092005 (2010);
http://www-boone.fnal.gov/for physicists/
data release/ccqe
8. Y. Itow et al., (T2K) arXiv:hep-ex/0106019;
9. M. H. Ahn et al., (K2K) Phys. Rev. D 74, 072003 (2006);
http://neutrino.kek.jp/
10. A. Bodek, S. Avvakumov, R. Bradford, and H. Budd, Eur.
Phys. J. C53, 349 (2008).
11. A.V. Butkevich, Phys. Rev. C 82 , 055501 (2010) and ref-
erences therein.
12. J.J. Kelly, Phys. Rev. C70, (2004) 068202 .
13. S. Galster et al, Nucl. Phys. B32, (1971)221; P. E. Bosted,
Phys.Rev. C51 (1995) 409; B Bartoli et al,, Riv. Nuovo
Cimento 2 (1972) 241.
14. R. F., Wegenbrunn, et al, hep-ph/0212190. Few Body
Syst.Suppl.14,(2003) 411
15. M.Sajjad Athar, Shakeb Ahmad, S.K. Singh Phys. Rev.
D75 (2007) 093003; T. Leitner, L. Alvarez-Ruso, U. Mosel,
Phys.Rev. C73 (2006)065502.
16. K. Tsushima, Hungchong Kim, K. Saito, Phys.Rev.C70
(2004)038501.
17. Konstantin S. Kuzmin , Vladimir V. Lyubushkin,
Vadim A. Naumov, Eur.Phys.J. C54 (2008) 517-538;
arXiv:0712.4384 [hep-ph]
18. V. Lyubushkin et al. (NOMAD Collaboration), Eur. Phys.
J. C 63, 355 (2009); Q. Wu et al.(NOMAD Collaboration),
Phys. Lett. B60, 19 (2008).
19. F.M. Steffens and K. Tsushima , Phys. Rev. D 70, 094040
(2004)
20. T. W. Donnelly, and I. Sick, Phys. Rev. C60, 065502
(1999).
21. C. Maieron, J. E. Amaro, M. B. Barbaro, J. A. Caballero,
T. W. Donnelly, and C. F. Williamson, Phys. Rev. C 80,
035504 (2009).
22. J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly,
C.F. Williamson, Phys. Lett. B696, 151 (2011)
23. J. Carlson, J. Jourdan, R. Schiavilla, I. Sick, Phys.Rev.
C65, 024002 (2002)
24. M. Martini, M. Ericson, G. Chanfray, and J. Marteau,
Phys. Rev. C 80: 065501, 2009; ibid Phys. Rev. C 81: 045502,
2010.
25. JUPITER collaboration, Jefferson Lab experiment E04-
001, Arie Bodek, Cynthia Keppel and M. Eric Christy,
spokespersons.
26. C. Maieron, T.W. Donnelly, Ingo Sick, Phys.Rev. C 65
(2002) 025502
27. M.E. Christy, P.E. Bosted, Phys.Rev.C 81, 055213 (2010).
28. P.E. Bosted, M.E. Christy, Phys.Rev.C 77, 065206 (2008).
29. V. Mamyan, Ph.D. dissertation, University of Virginia,
2010.
30. O. Lalakulich, W. Melnitchouk, and E. A. Paschos, Phys.
Rev. C 75:015202 (2007).
31. Yu Seon Jeong, M.H. Reno, Phys. Rev. D 82 033010,2010.
S. Kretzer and M. H. Reno, Phys. Rev. D 66, 113007 (2002);
C. H. Albright and C. Jarlskog, Nucl. Phys. B 84, 467
(1975).
32. O. Lalakulich, and E. A. Paschos, Phys. Rev. D 71:074003
(2005).
33. C. H. Llewellyn Smith, Phys. Rep. 3C (1972); E. A.
Paschos, Electroweak Theory, Cambridge University Press
(2007).
34. http : //minerva.fnal.gov/
